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Chapter 17

Ionizing Radiation

Donald E. Robbins, Vladislav M. Petrov, Walter Schimmerling, and Igor B. Ushakov

Exposure to ionizing space radiation is one of many haz-
ards associated with human exploration of space. Although
other risks exist, efforts to limit exposures of spacecraft oc-
cupants clearly affect mission planning, and could well be
the limiting factor in future extended orbital and exploration
missions. Space radiation and its associated risks have been
recognized by both the U.S. and Russian space programs,'-
and radiation standards and risk assessments for complex ex-
tended missions have evolved over the last three decades.®'°
Because space ionizing radiation presents a unique risk, space
travelers have been monitored carefully, from both experi-
mental and operational perspectives, since the earliest orbital
space missions.''"3

I. Sources of Radiation in Space

Primary sources of ionizing space radiation include the
trapped-radiation belts, galactic cosmic rays (GCR), and so-
lar particle events (SPE). Secondary radiation, which in-
cludes neutrons, also is produced when primary radiation
interacts with the material media of the spacecraft, its hu-
man occupants, or constituents of the upper atmosphere.
These sources are described below.

A. Trapped Belt Radiation

The trapped-radiation belts were discovered in 1958 by
large Geiger counters that were part of a cosmic ray experi-
ment on the first U.S. satellite, Explorer 1. Their existence
was confirmed by later measurements on Explorer 111 and
first reported by Van Allen'* in 1960.

Charged particles in these belts are constrained to move
along magnetic field lines by the Lorentz force, F

F = (dp/dt) = qv X B

where q, v, and p are the charge, vector velocity, and vector
momentum of the particle; B is the vector magnetic-flux den-
sity; and the differentiation is with respect to time t. Trapped-
particle motion can be understood as a superposition of three
fundamental components: a gyration around the field line, a
bounce from one polar region to the other, and a longitudinal
drift around the Earth (Fig. 1).
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Since the energy of a charged particle is not affected by a
static magnetic field, its magnetic moment [ is an adiabatic
invariant

p=mv sin (av2B)

where o is the particle’s pitch angle (the angle between its
velocity vector v and the magnetic field vector B). The mir-
ror point B_ of the particle (where it reverses direction of
motion) can be obtained from

B_ = (B/sin’(x) = constant

where o is p/2.

A particle traces a magnetic shell of motion as it moves
about the Earth. The shell is defined by an integral adiabatic
invariant, 1

1=Udl1-(B/B,)

where B is the flux density along the line of force and the
integral is taken along a line of force.

Early attempts to fit measurements of trapped-radiation
intensities by using a simple dipole representation of the
Earth’s magnetic field were unsuccessful. As a consequence,
Mcllwain'® developed a two-dimensional coordinate system
based on magnetic-field strength B and a parameter L related
to the radial position of a particle. The B and L coordinates
can be derived from conditions of the static magnetic field in
the absence of an electric field. The magnetic field can be
described in terms of a scalar potential

B =-Ay
where
y=—MX r/¢)

M, the vector magnetic moment of the dipole, is oriented in
the negative z direction, and r is the position vector from the
center of the Earth. (The magnitude of the Earth’s magnetic
moment is 8.1 x 10% gauss cm®.) In spherical polar coordi-
nates, the magnetic field strength is
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Fig. 1 Artist’s conception of the motion of a trapped charged particle along Earth’s magnetic field line.

B=B,(R,/n*J4-(3r/L)

where B_ is the magnetic flux density at the equatorial sur- Pseudotrapping _
face of the Earth (0.32 gauss), R_is the radius of the Earth
(6371.2 km), and L is given by

L = (r/sin’@) Magnetotail

where 0 is the angle between the z axis and the position vec- M : Plasma eutral
tor r. Sheet

Figure 2 shows the regions of the Earth’s magnetosphere :
where charged particles are trapped.'® The trapped belts, com-
posed principally of protons and electrons, are shown in simpli-
fied form in Figs. 3 and 4. Although ions of higher nuclear
charge and mass are present, they contribute only a small risk to
humans because of their relatively small concentrations. Po-
tential sources of these trapped particles are the decay of albedo
neutrons, 1.e., those neutrons produced by GCR that interact
with atmospheric constituents, or particles from the ionosphere
or the solar wind. Mechanisms that transport these particles to Fig. 2 Regions of Earth’s magnetosphere where
the regions of trapping, and would accelerate them to energies charged particles are trapped. From Ref. 16.
of the trapped particles, have been proposed but not verified.
Trapped particles can be lost through several mechanisms, in-
cluding interaction with atmospheric constituents, adiabatic
motions coupled with scattering and diffusion, and magnetic
field disturbances during geomagnetic storms.

Figure 5 is a representative spectrum of protons in low-Earth
orbit. Protons with energies between 20 to 400 MeV/nucleon
are particularly significant in radiation protection. Figure 6 pro-
vides a simplified view of the trapped-electron belts for solar
maximum and minimum. Figure 7 shows spectra of outer-belt
electrons measured by Reagan etal.'” Heckman and Nakano'®"®
have shown that the pitch-angle distribution of the trapped par-
ticles is Gaussian.

Variations in the Earth’s magnetic dipole that affect the
trapped belts have been discussed by Chapman and Bartels.?’
The largest source of such variations is related to the solar cycle.
The intensity of solar ultraviolet radiation increases near solar
maximum and heats up the Earth’s atmosphere. This phenom- Fig. 3 Artist’s conception of the
enon increases the volume and density of the atmosphere at trapped belts relative to Earth.

Ring Current

Trapping Outer
Polar Belt
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Fig. 4 Artist’s conception of inner (proton)
belt with approximated proton fluxes.

higher altitudes, which in turn increases the rate at which trapped
particles are lost.

Another variation in the trapped-radiation environment
is related to a 0.27°/year decrease in the Earth’s magnetic
dipole. The dipole is not centered with the Earth’s axis of
rotation, but is offset by 489 km toward 20.4° N and 147.3°
E. It also is tilted 11.1° with respect to the Earth’s axis.
This displacement moves the trapped belts downward in
altitude over the South Atlantic near Brazil, a phenom-
enon known as the South Atlantic anomaly (SAA). The
SAA is important for two reasons: It is the primary source
of radiation exposure for space crews in low-Earth orbit,
and it is a region of enhanced particle losses due to atmo-
spheric scattering.

An east-west anisotropy of trapped-particle fluxes was pre-
dicted by Lenchek and Singer,” and was first measured by
Heckman and Nakano.'® At the bottom of a helical path of a
trapped proton, it is traveling eastward; at the top of the helix,
it is traveling westward. A satellite traveling east is struck on
its trailing edge by particles traveling east, and vice versa for
the leading edge. Particles traveling west are emerging from
a region where the atmospheric density is greater (lower alti-
tude), and thus a larger fraction is removed from orbit. The
difference in the particle flux that strikes the leading and trail-
ing edges of a spacecraft can be substantial. For example,
Harmon et al.?? found doses to be 2.5 times higher on the
trailing edge of the Long-Duration Exposure Facility (LDEF)
than those on the leading edge.
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Fig. 5 Trapped-belt proton spectrum for
orbit with 28.5° inclination, 450 km altitude.

Temporary variations in the trapped-proton belt also can re-
sult from insertion of particles by solar-flare particle events.
This phenomenon is not well understood, particularly for ef-
fects in low-Earth orbit. The presence of a potential “second”
proton belt was first reported by Mcllwain? on Explorer XV.
Mcllwain could not relate this observation to a solar particle
event (SPE), but did show that the second belt did not result
from the “Starfish” high-altitude nuclear test. The presence of
the second proton belt was confirmed later by measurements
made on the Relay I satellite. More than two decades later,
Petrov et al.? reported the creation of a second belt at Mir alti-
tudes during the large SPE in September and October 1989 from
“Lyulin” dosimeter measurements. Lobakov et al.?> reported
measurements of particle enhancements from the same SPE
using the Lyulin dosimeter and the “Ryabina” radiometer. Oth-
ers have reported their existence® and decay?’ as well, the latter
through the use of a tissue-equivalent proportional counter and
a particle spectrometer on five Space Shuttle flights during an
18-month period.

The creation of this second belt was attributed to the in-
jection of particles from an SPE that occurred on March 22,
1991. Measurements allowed the temporal and spatial move-
ment of the second belt to be assessed. Comparisons with
observations aboard the Mir and unmanned satellites revealed
the e-folding time of the peak of the second proton belt to be
10 months. Proton populations in the second belt returned
to values typical of quiescent periods within 18 months. The
increase in absorbed dose attributed to protons in the second
belt was approximately 20%.2

The most widely used models of trapped-belt radiation were
developed and distributed by the National Space Science Data
Center, NASA Goddard Space Flight Center, Greenbelt, Mary-
land. These models provide time-averaged fluxes of protons
and electrons in the trapped and pseudotrapped regions as a
function of energy, L-shell, and position along the field lines at
solar maximum and solar minimum. However, they do not pro-
vide information on pitch-angle distributions. Uncertainties
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Fig. 6 Simplified view of the trapped electron belts for solar minimum (top) and solar maximum (bottom).

in integral particle fluxes from these models are estimated to
be a factor of two at lower altitudes. Outer-electron belt
fluxes, which are affected by magnetic storms, can vary
by a factor of ten.

The NSSDC AP-8 proton model?® was constructed from
measurements made by 24 satellites over the period of July
1958 to June 1970. Proton integral spectra are given for the
energy range from 0.1 to 400 MeV. Badhwar and Konradi®
derived an energy-dependent distribution from omnidirec-
tional fluxes at fixed B and L coordinates by using an inver-
sion method. Figure 8 shows the spatial proton-intensity dis-
tribution as a function of these coordinates.

The NSSDC AE-8 electron model, an updated version
of an earlier model,* gives trapped-electron fluxes for
energies between 0.04 and 7.0 MeV. Measurements used
to construct the AE-8 model were obtained from 23 satel-

lites between August 1959 and April 1978. Diurnal varia-
tions of the electron belts at high altitudes and latitudes
are described as a function of local time. Temporal, sto-
chastic variations are described by a statistical model.
Other time variations and belt dynamics also are described
in the model documentation. Figure 9 shows the elec-
tron-density distribution for energies greater than 1 MeV
vs B and L coordinates, and Fig. 10 shows the electron
spectra at 400 km altitude and 28.5° inclination for solar
maximum and minimum.

Other models have been developed for special applica-
tions. For example, a semi-empirical model of the trapped-
belt environment was developed by Watts et al.*! for use
in estimating potential exposures for a space station. This
model also includes the Heckman and Nakano'®'* proton
pitch-angle distributions.
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Fig. 7 Outer belt electron spectra. Adapted from Ref. 17.
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Fig. 8 Omnidirectional proton fluxes versus
B and L (the McWallin parameter) for
energies greater than 34 MeV. From Ref. 16.

Long-term changes in the Earth’s magnetic field have sub-
stantially changed the location of the peak particle fluxes in the
South Atlantic anomaly, which decreases the accuracy of the
AP-8 model for that region. Figure 11 compares measurements
made with the tissue-equivalent proportional counter in the SAA
on the STS-37 Space Shuttle flight (April 1991) with AP-8-
predicted proton intensity at a solar maximum that had occurred
22 years earlier.? The highest measured dose rate at 600 km in
1991 was located at —34.3° longitude; the model located it at
—41.2°, indicating a 7° change over 22 years, an average of ap-
proximately 0.3%year. Using a tissue-equivalent proportional
counter on STS-28, Golightly et al.3? obtained a rate of 0.32%
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Fig. 9 Omnidirectional electron fluxes versus B and L
(the McWallin parameter) for energies greater than 1
MeV for the October 1967 Epoch. From Ref. 16.
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Fig. 10 Electron energy spectra at 400 km and 28.5°
inclination for solar maximum and solar minimum.

year for the westward drift of the SAA at 300 km. A northward
drift of the maximum dose rate in the anomaly of approximately
0.16°year also was suggested from these results.

Hardy et al., using thermoluminescent dosimeter mea-
surements from Space Shuttle missions, evaluated the cur-
rent applicability of the AP-8 model and concluded that it
provides useful results for brief missions in low-Earth orbit.
However, estimates for longer missions can involve substan-
tial uncertainty, e.g., about 25% at Space Shuttle altitudes for
solar minimum conditions.

In addition to differences in proton fluxes, Richmond et
al.* found substantial changes in the proton spectrum when
they used an inversion method on dose measurements ob-
tained from Space Shuttle flight STS-51). The peak of the
measured differential proton-energy spectrum was found to
be 30 MeV higher than that obtained from the AP-8 model.
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Fig. 11 Movement of the location of the maximum proton
flux in the South Atlantic anomaly (SAA). Earlier data were
from 1969. Average movement is approximately 0.3°/year.

Clearly, the trapped-belt proton model has significant
errors attributable to temporal changes in the belts. New
measurements and models are needed to ensure that mis-
sion doses are assessed accurately for future spaceflights.
These new models should incorporate good spatial and
temporal variations of the trapped-particle intensities re-
lated to the indices that cause those changes. In addition,
descriptions of pitch-angle distributions should be in-
cluded to allow estimation of directional doses inside the
spacecraft. Several means of accounting for changes in
the trapped-radiation environment have been proposed.
One approach would be to update particle fluxes every 5
to 10 years with satellite measurements. A satellite in an
equatorial orbit with an apogee of 8 R and a perigee of
1.1 R, would be optimal, because this orbit would cross
the full range of B and L values needed to reconstruct the
proton belt configuration in the region where low-Earth-
orbit human spaceflights will be conducted.

B. Galactic Cosmic Rays

Galactic cosmic rays (GCR) consist of energetic ions that
originate within the galaxy but outside the solar system. Their
intensities are modulated by solar-cycle changes in the inter-
planetary magnetic field. The greatest effects are observed
for ions of the lowest energies. For example, intensities of
ions with energies < 100 MeV/nucleon can vary by as much
as a factor of 10, but those with energies > 10 GeV/nucleon
typically vary less than 20%. The interplanetary magnetic-
field strength increases as solar activity increases, and typi-
cally extends radially outward from the sun to a distance in
excess of 70 AU. GCR entering the solar system are deflected
by some degree by the more intense interplanetary magnetic
fields, an effect that reduces GCR intensities in the inner
heliosphere.
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Fig. 12 Relative composition of galactic cosmic ray
ions as a function of nuclear charge. From Ref. 41.
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Fig. 14 Spectra of galactic cosmic ray iron ions
at various periods of the solar cycle measured
by several investigators. The curves are from
the model of Badhwar and O’Neill (Ref. 37).

GCR also are deflected by the Earth’s magnetic field,
which reduces their intensity inside the Earth’s magneto-
sphere. Figure 12 shows the relative abundance of GCR ions
in interplanetary space at solar minimum.* Figure 13 shows
the energy distribution of the more abundant GCR.** The
GCR spectrum extends to energies > 1 GeV/nucleon. lons
with such energies can penetrate a distance of 1 meter of
water before being stopped. They have a mean free-path of
about 10 g/cm? between nuclear interactions.

Badhwar and O’Neill*’ recently developed a GCR-so-
lar modulation model that calculates the spectra of ions
as a function of the solar cycle with a mean weighted root-
mean-square (RMS) error of less than 10 percent.?®* In
developing this model, GCR-ion spectra measurements
were fit by using a solution of the time-independent,
spherically symmetric Fokker-Planck equation. This par-
ticular solution accounts for the effects of diffusion, con-
vection, and adiabatic deceleration. A parameter related
to the diffusion constant was derived by using proton and
helium data for the years 1954 to 1990 as a function of
solar activity level. This parameter then was used to esti-
mate the intensities of other ions, including iron. Figure
14 shows the spectrum of GCR-iron nuclei as a function
of solar activity. Using this model, Adams et al.** found
the highest GCR intensities ever recorded to be those dur-
ing the 1977 solar minimum.

Measurements from several satellites show that GCR in-
tensities vary with radial distance out to at least 47 AU from
the sun. Mewaldt et al.*! estimated the decrease to be 1 t0 2%
per AU for protons. An “anomalous” increase in the inten-
sity of six ions (He, C, N, O, Ne, and Ar) has been observed
as a function of the solar cycle. Figure 15 shows the variation
of He ions over a solar cycle.”? The anomalous component is
produced when solar ultraviolet radiation ionizes neutral in-
terstellar materials, and the resulting ions are accelerated in-
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Fig. 15 The anomalous helium component of galactic cosmic
rays shown for different parts of the solar cycle. From Ref. 42.

Start of ;ime‘ of
Increase v aximum

Solar

Amplitude of
Maximum Flux

Relative Flux —

L) ] 1 LI
Relative Time —&

Propagation Time From

Delay Start to Max

Fig. 16 General temporal characteristics of solar
proton event flux at 1 AU. From Ref. 44.

side the heliosphere. Only 5% of the He flux above 10 MeV/
nucleon and 1% above 100 MeV/nucleon are contributed by

the anomalous component. Their intensities decrease at about
15% per AU.

C. Solar Particle Events

Solar particle events (SPE) are a manifestation of solar flares,
although not all solar flares accelerate charged particles that
propagate out from the sun in the direction of the Earth. Figure
16 shows the typical time-intensity profile of an SPE.* The
rise in intensity is related to the location on the sun at which the
flare occurred and to the time needed for particles to propagate
to the Earth. Particles originating in flares that are close to
the “footprint” of the interplanetary magnetic field connect-
ing to the Earth (Fig. 17) propagate more quickly.** The
field lines that intersect Earth have a “footprint” at 57°
west of central meridian. Rise times of particle intensities
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Interplanetary Magnetic Field

Fig. 17 lustration of the gross features of the
interplanetary magnetic field. From Ref. 44.

Fig. 18 Proton spectra of several of the largest solar

particle events. Reproduced with permission from Ref. 45.
typically are longer for solar flares that occur in the eastern
hemisphere.

The size of SPE can vary by many orders of magnitude. The
location of the flare that produces the SPE is one factor that
affects the size. The mean rise time of the six largest SPE in
solar cycle 21 was 40 hours for particle energies > 10 MeV; the
minimum rise time was 10.5 hours. The largest SPE ever mea-
sured, that of August 4, 1972, had a time-integrated intensity of
5 x 10° particles/cm? with energies > 30 MeV, and 1.1 x 10
particles/cm? with energies > 10 MeV.

Energy spectra of SPE also vary considerably. Figure 18
shows the spectra of several large SPE.# In addition to pro-
tons and helium, ions with higher atomic charge have been
observed in SPE. Their spectra are relatively soft and their
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Fig. 19 Frequency distribution of solar particle event
size for all events that occurred between 1956 and
1986. Distributions shown for event fluences > 10 and
30 MeV. Reproduced with permission from Ref. 46.

intensities significantly lower. Some SPE have protons with
energies high enough to penetrate to the ground, where they
(or their secondaries) can be detected. The largest event ever
observed (via ground measurements) took place on Febru-
ary 23, 1956. This event produced particles with energies >
17 GeV.

Figure 19 shows the statistical distribution of SPE size
based on measurements of 201 events between the years 1963
and 1985 for fluences between 10 and 30 MeV.* Fewer than
1% of the SPE had integrated fluxes > 10 MeV of > 10"
protons/cm?,

In addition to flux, estimates of radiation danger must con-
sider the energy spectrum of SPE. The distribution of par-
ticles with respect to energy E (or the equivalent value of
magnetic rigidity) can be described in terms of power (e.g.,
E7) or an exponential law (e.g., e ™®°). The characteristic
rigidity of the spectrum R can vary from 10 to 300 MV. When
R is small, much less shielding is needed to protect against
dose effects. SPE are distributed randomly with regard to
R, and can be described as follows*”:

J(R,) = log,/ (y2m07R,, ) e ¢ (o8 Ro-m/207")

where m,= 1.879 and 0‘2=O. 199, according to results from the
19th and 20th solar-activity cycles.

Large SPE are more probable during the solar maximum
years. Figure 20 shows all the large SPE from solar cycles
19, 20, and 21. These events occurred exclusively during the
4 years on either side of solar maximum,* which suggests
that large SPE are not expected during the half of the solar
cycle that brackets the solar minimum.
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mum (integral fluences greater than 10 MeV).
Reproduced with permission from Ref. 46.

D. Geomagnetic Screening

The geomagnetic field in near-Earth orbit can provide some
protection against SPE and GCR, and thus the dose of either
SPE or GCR at a given point in that orbit should be calculated
in terms of the magnitude of the geomagnetic threshold. The
geomagnetic threshold is defined as the minimum energy of a
particle passing from interplanetary space to a given point.*®
The coefficient of dose attenuation of the geomagnetic field
@ is equal to the ratio of the dose in near-Earth orbit to the
dose in interplanetary space measured at the period t behind
the same shielding ¢:

T Eax
2=K[o() | dF,(E)/dEC(E)E M)/
0 |

K_T[ o(1)l Tde (E)/dE e C(E)dEdt]

where F (E) is the spectrum behind the screening; C(E) is
the conversion coefficient from flux to dose; Ecuwml) is the
geomagnetic threshold at a moment of time t; E__ and E___
are the upper and lower limits of the energy spectrum of SPE
or GCR; and T is the duration of the SPE.*

The coefficient of dose attenuation is a function of the
rigidity of the spectrum of cosmic rays, level of disturbance
of the geomagnetic field, orbital inclination, and to a lesser
extent, flight altitude. When Mir orbits in a quiet geomag-
netic field, this coefficient varies from 10~ for SPE with low
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characteristic hardness (R_x 40 MV) to 1072 (for R_> 150
MYV). During moderate and powerful geomagnetic distur-
bances, ae is not correlated with R, and ranges from 1 t0 0.5.
Shielding thickness plays a larger role in “soft” SCR spectra
and in quiet geomagnetic fields. For GCR and hard SPE,
this function is significant only for orbits with low inclina-
tions. The protective effect of the geomagnetic field in low-
Earth orbit is the main factor responsible for protecting crews
from radiation therein.

I1. Passage of Space Radiation Through Matter
A. Energy Deposition

Ionizing radiation produces damage in living beings by
depositing energy as it passes through tissue. It leaves an
ionization trail with a narrow core of dense ionization and
an outer penumbra of d-rays (recoil electrons knocked out of
orbit) that diffuse outward from the core. The damage pro-
duced by ionizing radiation in a medium is a result of the
absorbed dose, i.e., the energy deposited per unit mass of the
medium. The international (SI) unit for an absorbed dose is
the Gray (Gy), which is equivalent to one joule per kilogram.
The absorbed dose D is directly proportional to the fluence
F(E) and the stopping power S(E), and is inversely propor-
tional to the medium density p:

D =(1/p)[ dE SE) F(E)

Stopping power is a measure of the average energy loss per
unit track length. It typically is expressed in units of keV/
mm, and depends on the nuclear charge, the energy of the
radiation, and the properties of the medium through which it
passes. The Bethe-Bloch approximation to the energy loss
per unit path is

S = (4nNZ Z.¢*/mv?) [In (2mc*hw, /1)~ 2B? - (2C/Z,) - d]

max t

where Z, is the nuclear charge of the projectile, N is the num-
ber of target molecules per unit volume, Z is the number of
electrons per target molecule, m is the electron mass, v is the
projectile speed, B = v/c, c is the speed of light, C is the ve-
locity-dependent shell correction term, 1, is the mean excita-
tion energy of the medium, d is a density-correction term, h =
Yo, Y=(1-b*)"2,and W__ the maximum energy transferred
to an electron, is '

W, = 2mc?h? /[1+2(m, /MW1+h? +(m, / M)?]

where m_ is the mass of an electron and M is the mass of the
projectile.

Energetic ions also lose their energy through nuclear reac-
tions in human tissue and spacecraft materials by elastic, in-
elastic, nonelastic, capture, and spallation processes. The
daughter products are ions of a smaller atomic charge and
neutrons.
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B. Modeling the Transport of Radiation through Matter

The probability of receiving a particular dose from space
radiation depends on both the radiation field and the duration
of exposure. Both primary and secondary radiation contrib-
ute to the risk. The energy spectrum must be known if the
absorbed dose at a specific point in the body is to be esti-
mated. Energy spectra can be obtained by modeling the trans-
port of primary radiation through the space-hardware sys-
tems and the human body, taking into account changes in their
energy and composition as they ionize and otherwise interact
with nuclei of the medium. In some cases, modeling the trans-
port of secondary radiation may be needed as well to deter-
mine its energy deposition at the point of interest.

Wilson*® derived an analytical solution to the transport of
space radiation by assuming a straight-ahead approximation
of Boltzmann’s transport equation for the passage of primary
space radiation through matter. He assumed that fragments
of the target media produced by the occasional, violent nuclear
interaction are negligible. Although these assumptions are
accurate for particles of high-incident energies, fragments of
the primary radiation produced in nuclear reactions must be
considered because of the momentum they share with the pri-
mary particles. This straight-ahead approximation of the trans-
port equation also can be used for fragmentation nuclei, since
their energies also are high.

Sources of space radiation other than that in the trapped
belts usually are isotropic, i.e., the flux is the same from all
directions, although fluxes can be anisotropic in the early part
of some SPE. The transport equation usually is solved for a
monodirectional radiation that is incident upon a slab, be-
cause this condition is equivalent to solving the equation for
isotropic radiation incident upon a spherical shield. The mass-
shielding distribution must be determined at the dose point
of interest. In practice, space surrounding the dose point of
interest is divided into a large number of solid angles.

The straight-ahead approximation of the transport equa-
tion 1s

((9/9% ~ JIOE) - S(E) + SE] F (x.E) = X, m, (E)S, (E)F, (x,E)

where F(x,E) is the flux of j-type ions with energy E at a
point x in a slab of material, Sj is the macroscopic fragmenta-
tion cross-section for type j ions in the medium, S(E) is the
stopping power of j-type ions with energy E, and m, 1s the
probability of a k-type ion producing a j-type fragmentation
ion.

The biologically significant quantity in human tissue is
the dose-equivalent, which can be calculated from solutions
of the transport equation for F(x,E) by using:

He =) ;[ dE S (BF;(x.E)Q,(B)
0

where Qj(E) is the quality factor of a j-type ion of energy E, a
quantity based on biological effects derived from experimen-
tation as well as from expert judgements.

II1. Measuring Space Radiation

Space radiation dosimetry differs from other branches of
radiation physics in that the energies of radiation to be mea-
sured can extend over many decades, can include particles of
many different species, and require measuring several param-
eters. A variety of techniques and instruments have been de-
veloped to measure absorbed dose, dose-equivalents, particle
flux and fluence, lineal-energy transfer spectra, and linear-
energy transfer (LET) spectra, as well as particle charge, mass,
and energy distribution. Most of these parameters vary tem-
porally as well as spatially. The detectors used in space-based
dosimetry include, but are not limited to, thermoluminescent
dosimeters, plastic nuclear-track detectors, tissue-equivalent
ionization chambers and proportional counters, and particle
spectrometers. Each system forms a separate subject, the prin-
ciples and methodologies of which are described elsewhere;
a short history of the development of radiation measurement
systems in the U.S. space program can be found in Ref. 51.
Brief descriptions of some of these techniques are presented
below.

A. Dosimetry

Space radiation dosimetry can be classified as active or
passive. Active systems have been defined historically as those
dosimeters that can be read during flight or have their mea-
surements sent to Earth by telemetry for near-real time pro-
cessing. The key element of active dosimetry systems is the
real-time or near-real time measurement and assessment of
that measurement. Hence, simple pocket-type ionization
chambers with optical viewing readouts are considered ac-
tive dosimetry systems despite their needing no spacecraft
power. Passive systems, in contrast, have been defined as
systems that are read and analyzed after landing. Two of the
passive systems used to measure space radiation, thermolu-
minescent dosimeters (TLD) and plastic nuclear-track detec-
tors (PNTD), are discussed below.

Thermoluminescent dosimetry (TLD) techniques have
been used to measure crew radiation exposures since the
beginning of human spaceflight.*> The physics of the ther-
moluminescent phenomenon is simple. lonizing radia-
tion excites free electrons and holes in the conduction band
of a material. The free electrons either can recombine or
be attracted to trapping centers within defects in the ma-
terial lattice. Heating the material later can reexcite the
electrons, which return to conduction bands. As the ex-
cited state decays, visible and ultraviolet light are emit-
ted, the amounts of which are proportional to the amount
of energy absorbed during irradiation.

The advantages of these detectors are their small size and
the fact that they need no power. Thus, a stack of several TLD
chips can be used as a single dosimeter. The most popular ma-
terial for such detectors is LiF, although CaF, also has been
used. The response of LiF, which has been measured as a func-
tion of LET for a variety of ions, agrees well with trap theory.’35¢
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However, TLDs show a great deal of variation in response be-
tween individual LiF dosimeters, as well as between different
batches of dosimeters. Their response also depends on the de-
vices’ thermal and irradiation histories.* Thus, TLDs must be
selected carefully both for uniformity of response and for de-
riving an empirical relationship of that response as a function of
LET. Such analyses form the backbone of the Space Shuttle
TLD system.’>**%2 TLD systems are used in the Russian space
program as well.*® The biggest disadvantage of these devices is
that they provide only the time-integrated physical (absorbed)
dose. Thus, the dose cannot be separated into its components
(e.g., GCR, SPE, or trapped radiation); no information on the
LET distribution is available; the biological dose-equivalent
cannot be obtained; and temporal distribution is not available.
Despite these shortcomings, TLDs remain a most useful detec-
tion system. Moreover, recent advances in measuring a sec-
ondary (higher temperature) glow peak may allow rough esti-
mates of absorbed doses from low- and high-LET particles.”®

Price’s and Walker’s discoveries that fission fragments pro-
duce tracks in natural mica and other insulators, and that the
visibility of the tracks can be enhanced by chemical etch-
ing,” greatly expanded the field of dosimetry. About 150
different materials are known to produce characteristic needle-
shaped tracks when ionizing radiation passes through them.*
Modern systems that exploit the etching technique have in-
cluded plastics and polycarbonates—hence the name plastic
nuclear-track detectors (PNTD). The three most popular
materials currently used are cellulose nitrate, CR-39 (Ameri-
can Acrylics, Inc.), and Lexan®.

One important feature of track detectors is their ability to
measure a portion of the LET spectrum. Although a detec-
tion threshold in the rate of ionization exists for primary ra-
diation, the exact value of this threshold depends on the etch-
ing method, the plastic manufacturing process, and its expo-
sure history. Thus, only the LET spectra above a given thresh-
old can be studied. The response of PNTDs has been shown
to be inconsistent with a dE/dx criterion that 8-rays with
enough energy to produce tracks at longer distances from the
core do not produce a site that the enchant can penetrate.®’
Fleischer et al.®? proposed an ion-explosion spike model to
explain the formation of these tracks. Katz and Kobeitch®
proposed a 8-ray model, which stresses that only 8-rays within
some fixed radial distance from the primary core contribute
to track formation. Although the two models are quite differ-
ent in approach, both predict that the quantity Z%/p? (Z being
the atomic charge of the plastic and B the fraction of speed of
light of the particles) is more important than LET. The 3-ray
model did account for the inactivation cross-section in vari-
ous biological samples and plastic tissue analogs. Benton®
applied the idea of restricted energy loss® to suggest that only
moderately low energy 8-rays are important for track forma-
tion. Benton® used a collimated *°Sr B-particle source to pro-
duce etchable tracks in cellulose nitrate, which supports the
theory that d-rays are responsible for track formation.

Thermosetting polymers, CR-39 in particular, have prop-
erties ideal for detecting the heavy-ion component of space

radiation. They are relatively insensitive to the low-LET natu-
ral radiation background on the Earth’s surface, thereby en-
suring low background tracks. PNTD are typically etched by
nonsolvents such as KOH or NaOH and are read microscopi-
cally.

The small mass and volume of these etch-track detectors
make them particularly useful as personal dosimeters. Their
inherent disadvantage is that they provide no temporal reso-
lution. In addition, the number of tracks that develop de-
pends strongly on the etching process (especially time and
temperature). Also, a detector response depends on exposure
orientation and can require large corrections or special cali-
brations. The minimum sensitivity of etch-track detectors
currently in use is about 5 keV/um, and thus more than 60%
of the trapped-belt protons cannot be studied with them. Fur-
thermore, data analysis of PNTD is extremely labor-inten-
sive unless aided by sophisticated track-recognition instru-
ments. The maximum fluence that can be detected and ana-
lyzed is limited by track overlap frequencies, and restricts the
use of these detectors to a narrow range of very low doses.

B. LET-Spectrum Measurements: Microdosimetry

Active instruments are needed to provide time-resolution
of radiation measurements during space missions. Of the large
variety of such instruments, microdosimeters and particle
spectrometers will be discussed in the following sections.

As mentioned previously, not all secondary d-rays lead to
damage in insulators. Because biological tissue sites are rela-
tively small, the same is likely to be true for them. In addi-
tion, the stochastic nature of ionization loss becomes much
more important. The principles of microdosimetry are based
on measuring the energy deposition in tissue volumes of about
amicron in diameter.®” % In terms of charged-particle energy
loss, tissue volumes ranging from about 0.3 pum to several um
in diameter can be replicated by using gas at low pressure.
Since the physical basis of the relative biological effective-
ness (RBE) of different types of radiation is thought to result
from differences in the spatial distribution of ionization along
the track, physical quantities can be measured and related to
biologically relevant quantities. Radiation protection experts
now recommend that the quality factor be expressed in terms
of LET, which can be measured directly by microdosimeters.

The most common microdosimetry detector, the tissue-
equivalent proportional counter, consists of a small, nearly
spherical tube filled with a low-pressure gas such as propane.
A potential of 600 to 800 volts is applied to a wire that passes
thorough the tube, producing a gas gain of approximately 200.
Amplification can produce an overall sensitivity of 120 elec-
trons (rms). Care must be taken in designing proportional
counters in order to avoid contamination from the plastic used
in the surrounding construction. Attention also must be given
to the stability of the wire, vibration levels, and the location
of preamplifiers to avoid microphonics. To minimize the re-
quirement for large data storage or telemetry, lineal-energy
loss measurements are grouped into semilogarithmic energy
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bins, and the number of particles that deposit an amount of
energy in each interval in the gas during a set time is counted.
The gain of such devices has been demonstrated to be stable
for more than a year, and calibration tests using ion beams at
a particle accelerator have verified the ability of such instru-
ments to measure LET distribution accurately.”

Since these instruments measure lineal-energy loss but not
linear-energy transfer, mathematical transformations are
needed. These transformations are a function of the chord-
length probability distribution of particle 1onization tracks in
the counter tube. Spherical geometry allows accurate calcu-
lations of this distribution. Instruments using this technique
have been flown on Space Shuttle and Mir.3"7!-"3

C. LET-Spectrum Measurements: Particle
Spectrometry

Microdosimetry instruments cannot distinguish among par-
ticle types, nor can they provide information on the arrival
direction of the particles. Detecting the arrival direction of
GCR is not important since their fluence is isotropic. How-
ever, trapped-belt protons are highly directional and energy-
dependent. Radiobiological studies indicate that inactivation
or transformation cross-sections for cells are not a function
of LET but rather of the nuclear charge Z and velocity  of a
particle, where 3 = v/c (velocity v is expressed in units of the
velocity of light, ¢). The restricted energy-loss model pre-
dicts a dependence of these cross-sections on Z%/?. Know-
ing the particle charge and velocity thus provides a means of
computing the relevant energy loss parameter in any medium.

When a nonrelativistic particle of charge Z and velocity 8
comes to rest in a stack of detectors, the amount of energy
that i1t deposits in a top thin layer of thickness Ax is

AE ~ (Z2/B?)Ax

Figure 21 is a cutaway view of how detectors in a particle
spectrometer can be stacked to allow discrimination of ener-
gies over a broad range. If the particle is stopped in the bot-
tom detector, its residual kinetic energy E is

E=mp?/2
and thus
EAE ~ mZ?

Every isotope can be represented by a unique hyperbola pro-
portional to the mass of the particle and the square of its nuclear
charge. Thus, measurement of AE and E yields a measure of
the kinetic energy per nucleon, particle charge, and isotopic mass.
Care must be taken with such detector systems to limit the ac-
ceptance angle of the spectrometer so that variations in the par-
ticle-path length are minimized. One option is to use position-
sensitive detectors that can provide the arrival direction of the
particle and avoid these path-length variations.

As particle energy increases, it becomes impractical to in-
crease the depth of total E detectors because of possible in-
teractions of the particle in the detector material. The charge,
mass, or energy of these high-energy particles cannot be cal-
culated. However, a different arrangement can be used that
replaces the total E detector with a Cerenkov detector. The
light output L, which can be measured with a photomultiplier
tube, is

L=KZ (1 - BB

where K is a constant and B is the cutoff velocity below which
no Cerenkov light is generated. [ is related to the real part of
the index of refraction n by §, = 1/n. UV-transparent Ceren-
kov materials provide cut-off energies per nucleon as low as
180 MeV/nucleon for solids and up to several tens of a GeV/
nucleon for gases. The charge and velocity of the particle
can be determined from measurements of AE and L. Both
the technique that measures EAE and the one that measures
LAE can yield energies and nuclear charges of particles over
a wide range. Although other techniques that provide veloc-
ity and mass information are available in the laboratory (e.g.,
time-of-flight, magnetic sector, etc.), these techniques are dif-
ficult to implement in space experiments because of size (ge-
ometry) and weight considerations.

IV. Biological Effects

A. Atomic and Molecular Effects of Ionizing Radiation
in Tissue

The biological effects of radiation result from energy
being deposited in living tissue.” Energy deposition, con-
sisting mainly of ionizations and excitations of the atomic
and molecular constituents of tissue, takes place very quickly,
in periods comparable to the traversal time of the incident
particles (~107'¢ s). The original pattern of energy deposition
behaves as if the energy were stored in a volatile chemical
memory, consisting of all the chemical radicals and molecu-
lar products left over from the initial “physical” stage of en-
ergy deposition. The primary ionization tends to produce sec-
ondary energetic electrons that disperse through the ma-
terial and produce ionization. Within approximately 102 s
after the initial ionizations, electrons in polar liquids like
water (the major constituent of tissue) are either captured (“sol-
vated”) or combine with other molecules to produce highly
reactive chemical species (free radicals). These free radicals
undergo further chemical reactions before they are inactivated
(within about 10°¢ s). The chemical reactants diffuse from
their formation site, reacting with the medium, until the en-
ergy deposition pattern is “read” by biologically sensitive sites,
mainly the deoxyribonucleic acid (DNA) molecules in cellu-
lar nuclei.

The effect of radiation at sensitive sites can be fixed, re-
paired, and modified by cellular mechanisms.” When the
original lesion is not fully repaired, the transformed cell can
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Fig. 21 Schematic of a particle spectrometer. Dia, diameter in cm.

die (or produce daughter cells that die after a finite number
of divisions). If the cell does not die, it (or its progeny) can
express its changed properties as further injury to the organs
and tissues with which it interacts. The time scale associated
with the biological manifestation of radiation damage is com-
parable to the time scale of biological processes, and can in-
volve days or even years.

The basic unit of any living organism is the cell. The DNA
molecules within the cellular nuclei contain the information
required to synthesize intracellular proteins and cell repro-
duction. Other cellular structures participate in cellular func-
tion, but DNA is by far the most sensitive to radiation. The
action of radiation on living cells therefore is considered on
the basis of its interaction with DNA. When incident radia-
tion deposits energy directly into the target DNA molecules,
the process is referred to as a “direct” effect. Any modifica-
tion of DNA by chemical intermediaries, principally the ra-
diolysis of the surrounding water, is referred to as an *“indi-

rect” effect. Direct effects are of greater concern for heavy
charged particles, whereas indirect effects are of concern for
X-rays and similar radiation.

Molecules can be restored to their preirradiation condi-
tion through three mechanisms: recombination, restitution,
and repair.”® Recombination refers to ions or radicals com-
ing together to form the molecule from which they originated.
Restitution is the chemical restoration of altered molecules
to their original state without the intervention of enzymatic
or other biocatalytic steps. Repair is the restoration of mo-
lecular function produced by any of the catalytic processes
taking place in the cell.

Strand breaks are the most important of the mechanisms
resulting in initial damage to DNA. Single-strand breaks are
repaired efficiently by intracellular mechanisms, but double-
strand breaks are not, and are more likely to lead to cell death.
Double-strand breaks can occur either as two neighboring
single-strand breaks caused by direct action, or as the result
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of interactions between two independent single-strand breaks
separated by less than some as yet unknown critical distance.

Cell death is defined as the loss of reproductive ability,
since seriously damaged cells often are able to function in
some ways as long as the chemical sites involved in those
functions are not themselves damaged by the radiation. Cell
survival, e.g., the ability of cells to divide into colonies, is an
end point best measured in the laboratory. In living organ-
isms, cell death becomes manifest only when the function of
an organ or tissue is impaired. Cell function can be modified
by nonlethal changes in DNA that lead to neoplastic transfor-
mation, which is thought to be the first of a sequence of events
leading to cancer. Further events, resulting from subsequent
radiation or stimulation by so-called promoting substances,
must take place before the cell can be considered “precancer-
ous.” Precancerous cells do not always lead to cancer; further
changes in the cell and surrounding tissues are required for this
so-called “promotion” stage. Even in the absence of cancer
initiation, permanent changes in cellular DNA may occur as
mutations. Such mutations, when they occur in reproductive
cells, can be inherited and manifested in the progeny of the irra-
diated organism. These changes in a cell that has maintained
reproductive integrity are known as “genetic effects.”

The effects of radiation can be measured in terms of the
number of colonies formed by surviving cells, number of cells
manifesting a measured change, probability of tumor forma-
tion, or other indicators. Other factors being equal, the ef-
fects of radiation are a function of the absorbed dose for a
given type of radiation. However, different types of radiation
do not necessarily produce the same observed effect at the
same observed dose, since the microscopic distribution of
deposited energy and the chemical processes deriving from it
are not the same, even though the average energy deposition
(absorbed dose) may be the same. The differences in biologi-
cal action for different types of radiation at the same absorbed
dose are known as the “quality” of the radiation.™

For historical reasons, x-rays have been used as the stan-
dard reference against which all other radiation types have
been compared. In the field of radiation protection, the dose-
equivalent H has been used to normalize biological damage
to that of x-rays by means of the relationship

H=QD

where Q is the mean quality factor over lineal energy. For
radiation protection purposes, the quality factor Q is defined
as a function of LET.. instead of being defined as a function
of lineal energy. In addition, linear-energy transfer is used
with no restriction on the maximum energy that the second-
ary electrons produce (i.e., the quantity used is numerically
equal to the stopping power). The unit of dose-equivalent is
the Sievert (Sv), where 1 Sv is assumed to have the same
biological consequences as 1 Gy of x-rays.

Revised recommendations for radiation protection gener-
ated by the International Commission on Radiological Pro-
tection (ICRP)” are the basis of many current national regu-

lations.” The latest recommendations define a new quantity,
closely related to dose-equivalent, called the equivalent dose
(Hyp), which 1s related to dose by

HT,R = WR * DT'R

where D, is the average absorbed dose from radiation R in
the tissue or organ T and W _ is the radiation weighting factor,
which replaces the concept of quality factor and has been
defined by the ICRP for different radiation types. However,
the recommissioned Scientific Committee 75 of the NCRP
recommends that a more accurate procedure with which to
calculate space radiation exposures is to continue using the
dose-equivalent defined by the ICRP,” but to use the ICRP”
relationship between quality factor and LET (S. B. Curtis,
private communication, 1992). This method is considered more
accurate because some of the weighting factors defined by the
ICRP for heavy-ion radiation”” are thought to be incorrect.

Low-LET radiation (1.e., radiation from x-ray and gamma-
ray sources) is often distinguished from high-LET radiation
[i.e., radiation from high-energy heavy-ion (HZE) particles].
The electrons released in tissue by x-rays have mean LET
values of 2-3 keV/um; gamma rays have mean LET values
in the range of 0.2 to 0.5 keV/um. Radiation associated with
LET values of 3.5 keV/um or less are referred to as low-LET,
and radiation with higher LET values is called high-LET.
However, even low-LET gamma-ray sources may produce sec-
ondary electrons with high-LET values of 10-30 keV/um.”
In comparison, high-LET radiation produced by HZE par-
ticles can deposit up to a thousand times more energy per
unit track length than low-LET radiation. Also, low-LET sec-
ondary electrons can pass through the space between DNA
strands (~3 nm) without interacting with it; in contrast, some
high-LET ions can produce an ionization trail so large that it
inactivates nearly every cell it traverses.

Secondary electrons, as well as charged particles, do not
lose energy continuously, but rather at discrete interaction
sites; the distance between these sites depends on the density
(and the chemical state) of the material. The distance be-
tween energy-loss interactions can be several microns for light
particles like electrons and protons at high energies where
the energy loss is minimal. Consequently, the statistics of
energy loss will show large fluctuations, especially in very
thin targets. Heavier particles in relatively dense materials like
tissue will lose energy at a sufficiently high rate that a continu-
ous slowing-down approximation to the energy loss is valid.

Neutrons, which have no charge, can penetrate relatively
large distances without interacting with the medium, since
they lose their energy only by interacting with the nuclei of
the medium. When they do interact, the cascade of second-
ary ions that is produced can deposit large amounts of energy
locally. For this reason, neutrons are regarded as high-LET
radiation. In fact, neutrons have been the main source of high-
LET radiation studied to date. On the basis of recent data on
the maximum RBE values for cancer induction by intermedi-
ate-energy neutrons, the ICRP revised the definition of Q(L)
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to the LET-dependence of Q778 (Fig. 22). This revised defi-
nition recognizes the lesser effectiveness of heavy ions with
LET greater than 100 keV/um, presumably because of satu-
ration effects or recombination.

B. General Health Effects: Early Effects of Acute
Exposures

Health effects from exposure to space radiation usually
are considered in two categories, early (acute) effects and late
(delayed) effects. Early effects are manifested within hours,
days, or weeks after high-dose whole-body exposure, e.g.,
that delivered by an SPE. Late or delayed effects usually ap-
pear months or years after exposure and include tissue dam-
age, impaired fertility, lens opacification, cancer induction,
heritable effects, and developmental abnormalities. Of these
delayed effects, attention typically is focused on cancer in-
duction. Crews will be exposed unavoidably to low-dose-
rate GCR and also may be exposed to higher dose-rate par-
ticles from SPE.”

The acute effects of ionizing (but low-LET) radiation on
humans at dose levels above 100 rem (1 Sv) are reasonably
well understood; effects typical of whole-body exposures to
these levels are described in Table 1. The acute effects of
high-LET radiation are not as well known with respect to dose,
but qualitatively can be expected to be the same as low-LET
radiation.

Exposing humans to doses greater than 50 rem (0.5 Sv)
produces characteristic symptoms known collectively as “ra-
diation sickness.” The onset, duration, and severity of these
symptoms depend on the dose. Typical symptoms may in-
clude headache, dizziness, malaise, abnormal sensations of
taste and smell, nausea, vomiting, diarrhea, decreased blood
pressure, decreased white blood cells and platelets, increased
irritability, and insomnia. In humans, three organ systems
are most important in the acute radiation syndrome. The cen-
tral nervous system is most affected by exposures in the thou-
sands of rem (tens of Sv); the gastrointestinal system is most
sensitive to exposures between 550 and 2000 rem (5.5 to 20

Sv); and the hematopoietic system is most sensitive to 550
rem (5.5 Sv) or less.

Effects of whole-body exposures to low doses of 50 rem
(0.5 Sv) or less usually are mild, and occur only during the
first day after exposure. Blood cell counts may drop slightly,
but survival of the individual is almost certain. As the expo-
sure range rises to 100 to 200 rem (1.0 to 2.0 Sv), prodromal
effects increase in severity. At 200 rem (2.0 Sv), the inci-
dence of vomiting increases to 70%; fatigue and weakness is
evident in approximately 30-60% of those exposed.” Sig-
nificant destruction of bone-marrow stem cells may lead to a
25-35% drop in blood-cell production. As a result, mild bleed-
ing, fever, and infection may occur during the fourth and fifth
weeks after exposure.

At dose-equivalent exposures of 200-350 rem (2.0 to 3.5
Sv), prodromal symptoms begin earlier and affect a greater
number of exposed persons. Moderate diarrhea 4 to 8 hours
after exposure is experienced by 10% of the population. Most
victims tire easily and experience mild to moderate weakness
intermittently over a 6-week period. Under normal condi-
tions, vomiting and diarrhea are not enough to cause serious
fluid loss or electrolyte imbalance. However, in hot or humid
conditions, the combined fluid loss and electrolyte imbalance
could become serious. Injury to the hematopoietic system is
manifested by moderate bleeding, fever, infection, and ulcer-
ation 3 to 5 weeks after exposure in more than half of those
exposed. During the fourth and fifth weeks, diarrhea may
complicate the condition.

Most individuals exposed to 350-550 rem (3.5 to 5.5 Sv)
experience severe prodromal symptoms. Severe, prolonged
vomiting can affect electrolyte balance. Most exposed indi-
viduals show moderate to severe fatigue and weakness for
many weeks. If untreated, 50-90% of those exposed will die
from extensive injury to the hematopoietic system, as mani-
fested by overwhelming infections and bleeding during the
third to sixth weeks. Nausea, vomiting, and anorexia may
recur, and approximately half will experience diarrhea, elec-
trolyte imbalance, and headache. Terminal conditions may
be complicated by dizziness, disorientation, fainting, pros-
tration, and symptoms of infection.

Severe nausea and vomiting on the first day after expo-
sure will be experienced by almost all those exposed to 550~
750 rem (5.5 to 7.5 Sv), with dizziness and disorientation
accompanying these symptoms. Bone-marrow stem cells and
granulocytes are almost completely eliminated, leaving un-
treated persons susceptible to overwhelming infections, in-
cluding those from their own injured gastrointestinal tract.
The combination of hematopoietic and gastrointestinal damage
reduces the survival of all untreated persons to two to three
weeks. Moderate to severe bleeding, headaches, hypotension,
dehydration, electrolyte imbalance, and fainting are common.

Exposure to dose-equivalents of 750-1000 rem (7.5 to 10.0
Sv) reduces the survival time for untreated persons to about
2.5 weeks. Symptoms resemble those in the preceding range,
except that severe nausea and vomiting may continue into the
third day; hypotension affects 80% and moderate fever 30 to
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Table 1 Expected short-term effects in humans from acute whole-body radiation (Ref. 79)

Dose (rem)d Probable Physiological Effects

10-50 No obvious effects, except minor blood changes.

50-100

Five to ten percent experience nausea and vomiting for about 1 day.

Fatigue, but no serious disability. Transient reduction in lymphocytes and

neutrophils. No deaths anticipated.

100-200

Twenty-five to fifty percent experience nausea and vomiting for about 1 day,

followed by other symptoms of radiation sickness; 50 percent reduction in
lymphocytes and neutrophils. No deaths anticipated.

200-350

Most experience nausea and vomiting on the first day, followed by other

symptoms of radiation sickness, e.g., loss of appetite, diarrhea, minor hemorrhage.
Up to 75 percent reduction in all circulating blood elements. Death of 5-50 percent of

those exposed.

350-550

Nearly all experience nausea and vomiting on the first day, followed by other

symptoms of radiation sickness, e.g., fever, hemorrhage, diarrhea, emaciation.
Death of 50 to 90 percent within 6 weeks; survivors convalesce for about 6 months.

550-750

All experience nausea and vomiting within 4 hours, followed by severe symptoms of

radiation sickness. Death of up to 100 percent.

750-1000

1000-2000

Severe nausea and vomiting may continue into the third day. Survival time
reduced to less than 2.5 weeks.

Nausea and vomiting within 1-2 hours. All die within two weeks.

4500 Incapacitation within hours. All die within 1 week.

2100 rem = | Sv

45% during the first day; electrolyte imbalance persists from
the sixth hour on; all have moderate to severe headache dur-
ing the first day; and nearly 75% are prostrate before the end
of the first week. Exposures to 1000-2000 rem (10 to 20 Sv)
cause severe nausea and vomiting within 30 minutes of expo-
sure, and symptoms continue intermittently until death in the
second week. A single, acute whole-body exposure of 4500
rem (45 Sv) can cause death as early as 32 hours after expo-
sure,® and all exposed will die within one week.

Studies of Japanese atomic-bomb survivors have provided
the most complete database on the health effects of low-LET
radiation in humans. A total of 75,991 people survived
Hiroshima and Nagasaki, of whom 41,719 received doses
greater than 0.005 Gy. Those who received smaller doses
serve as an excellent control group. Data from these indi-
viduals are periodically updated and analyzed by the United
Nations Scientific Committee on the Effects of Atomic Ra-
diation (UNSCEAR) and the National Academy of Sciences’
National Research Council Committee on the Biological Ef-
fects of Ionizing Radiation (BEIR). The most recent epide-
miological data®'#? are known as BEIR V. Results from these
studies indicate that humans are less sensitive to the genetic
effects of radiation than was previously thought. In addition,
genetic effects in the offspring of atomic-bomb survivors, ag-

ing, and shortened lifespan were found to be insignificant.
However, the incidence of hard tumors is significantly greater
than had been indicated by earlier data; indeed, the chief late
effect in atomic bomb survivors is cancer®® (Fig. 23). Exami-
nation of the DS86 dosimetry data indicates that neutrons did
not contribute significantly to total doses, but rather most of
the dose was contributed by gamma rays (low-LET radiation).
However, these results have been questioned recently because
the possible contribution of “fast” neutrons was not consid-
ered in the DS86 dosimetry.

C. General Health Effects: Late Effects

Humans who are exposured to radiation levels that are not
acutely lethal usually seem to recover from the initial syn-
drome within a month or two. However, their incidence of
mutations, cataracts, and certain tumors is greater than that
of control populations. The genetic effects of radiation are
manifested by increased frequency of mutation; however, as
noted above, genetic effects have not been demonstrated un-
equivocally in the descendants of atomic-bomb survivors. The
threshold for cataract development seems to be several hun-
dred rem of acute exposure to low-LET radiation; lower doses
do not produce clinically significant damage. Carcinogenic
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Fig. 23 Dose response curves (a) for all cancers
except leukemia and (b) for leukemia. The points
are excess relative risk in 0.5 Sv intervals.
Reproduced with permission from Ref. 83.

effects, the focus of most concern in assessing radiation risks,
are discussed in the following paragraphs.

The ability of radiation to induce tumors was first noted 10
years after the discovery of x-rays, when medical workers were
found to have an increased incidence of cancer. Extensive ex-
perimental results and clinical observations accumulated since
that time have shown that radiation, in sufficient quantities, can
cause neoplasms in virtually all organs. The type of tumor that
forms depends on the area irradiated, the dose and quality of the
radiation, and the genetic background, age, and sex of the re-
cipient. Skin and bone tumors appear most frequently after
local irradiation; other solid tumors and leukemia generally re-
sult from whole-body irradiation. Moreover, irradiation can
speed the expression of preexisting neoplasms as well as in-
crease the absolute incidence of types of cancer.

The incidence of myelocytic leukemia and cancer of the
breast, lung, thyroid, and bowel are known to increase after
exposure to high doses and high dose rates of low-LET ra-
diation. The latency period, the length of time between ex-
posure and cancer appearance, varies from about 5 years for
leukemia to more than 27 years for cancers of the pharynx
and larynx, and also varies greatly among individuals. The
mean latency of leukemia in atomic-bomb survivors was 14
years (range 5 to 20 years); median latency for all other types
of cancer was about 25 years.

The overall risk estimate for radiation-induced leukemia,
obtained from atomic-bomb survivors at Hiroshima and
Nagasaki, is 46 deaths per million people exposed per rem
(per 0.01 Sv). By comparison, the total cancer risk has been
estimated at 70-165 deaths per million people per rem per
year, depending on the risk-projection model.* Insufficient
data preclude estimating the effects of dose rate on cancer
induction in humans.

Many of the higher LET-types of radiation in the space
environment (e.g., protons and heavy ions) have kinetic en-
ergy sufficient to penetrate both the normal shielding of the
spacecraft and the human body. Very few data have been
obtained for heavy ion radiation, and essentially no radioepi-
demiologic data exist for human cancer resulting from expo-
sure to protons and high-LET heavy particles. The biologi-
cal effects of such particles currently are extrapolated from
experiments with animal models (e.g., mouse Harderian gland,
rat skin, rat mammary gland) and cultured mammalian cells.”
In general, high-LET radiation is more effective than pho-
tons in inducing tumors at low doses. The low-dose-rate ef-
fects of high-LET radiation on tumor induction are complex
and may be specific to the tissues affected. However, the
dose rate of high-LET radiation seems to have much less of
an effect on cancer induction than the dose rate of gamma
rays.” An understanding of the physical characteristics of
the radiation and the biological nature of the tissue of interest
is necessary in order to interpret the effects of fractionation
and protraction of both low- and high-LET radiation.

V. Exposures of Space Crews
A. Trapped Belt Radiation: Low-Earth Orbit

The U.S. Long-Duration Exposure Facility (LDEF) was ex-
posed to space radiation in low-Earth orbit for 69 months, hav-
ing been placed in a 28.5° inclination orbit by the U.S. Space
Shuttle mission STS-41C (at 528 km) in April 1984 and re-
trieved (at 333 km altitude) by STS-32 in January 1990. Figure
24 illustrates results from Atwell’s calculations of the proton
and electron contributions to the dose received by the LDEF
using the environments provided by the AP-8 and AE-8 mod-
els. Asshown in that figure, trapped-belt protons are the domi-
nant source of dose for shielding thicker than about 0.3 g/cm?.
Figure 25 shows the daily dose-equivalent to the blood-forming
organs as a function of shielding thickness for a 28.5° inclina-
tion orbit at two altitudes (463 km and 556 km).

Skylab was placed in a 50° inclination orbit at an altitude
of 435 km in July 1972. It was visited on three flights by
crews of three astronauts each between mid 1973 and early
1974. Table 2 lists the mean exposures to each crew as mea-
sured by thermoluminescent dosimeters. The dose rates for
Skylab 4 are among the highest to which U.S. astronauts have
been exposed.

Figure 26 illustrates the relationship between skin dose
(measured by TLDs worn by crew members during flight)
and spacecraft altitude for Space Shuttie flights® that varied
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Fig. 25 Dose-equivalent for the blood-forming organs
(BFO) versus shielding thickness calculated for 28.5°
inclination orbit at altitudes of 463 km and 556 km.

from 2 to 15 days in duration, had altitudes between 215 and
617 km, and orbital inclinations between 28.5° and 62°. For
comparison, the Mir space station has a 51.5° inclination or-
bit and a mean altitude of 350 km. Nguyen et al.”' measured
doses on Mir during the Soviet-French Aragatz mission be-
tween December 1988 and April 1989 by using a low-pres-
sure tissue-equivalent proportional counter. The mean daily
dose and dose-equivalent rates during December 1988 were
0.322 mGy/day and 0.617 mSv/day, respectively. Between
March and April 1989, the mean daily dose and dose-equiva-
lent measured rates were 0.451 mGy/day and 0.799 mSv/day,
respectively. The mean quality factor obtained from these data
was 1.940.3. The maximum dose rates on Mir were observed
during passes through the South Atlantic anomaly, where the
dose rates and dose-equivalent rates were 0.755 mGy/h and 1.050
mSv/h, respectively. The mean quality factor computed from
the anomaly measurements was approximately 1.4.”

Some of the neutrons produced by GCR ions interacting with
atmospheric nuclei are scattered back into spacecraft orbital al-
titudes. Secondary neutrons also are produced by GCR and
trapped-belt protons interacting with spacecraft materials.

Table 2 Mean doses and dose rates measured
on the three Skylab flights

Duration, Mission Daily dose,
Mission days dose, nGy  mGy/day
Skylab 2 28 15.96 0.5410.3
Skylab 3 59 38.35 0.6510.5
Skylab 4 90 77.40 0.86+0.9
2.0
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Fig. 26 Daily skin dose rates measured on Space
Shuttle flights versus altitude and inclination. Straight
lines are for viewing perspective only. From Ref. 33.

Neutron fluences, doses, and energy spectra have been mea-
sured occasionally during flights. Keith and colleagues®* ¥
used activation foils with plastic spheres of different diam-
eters to measure neutrons on Space Shuttle flights (Table 3).
The neutron quality factor used was 20. At 300 and 600 km,
the proton dose-equivalent rates were 2.5 and 14 times greater
than the neutron dose-equivalent. For comparison, a bubble
detector used on Mir measured a neutron dose-equivalent rate
0f 0.023 mSv/day.” Thus, Mir measurements are reasonably
consistent with those made on Space Shuttle flights.

LET spectra provide insight into the contribution of
high-LET radiation. Petrov et al.®measured integral LET
spectra inside the Soviet Soyuz spacecraft on flights be-
tween 1958 and 1970 by using nuclear emulsions; the
quality factor computed from these measurements varied
between 1.2 and 1.4. Benton and Parnell*® measured LET
spectra on several U.S. and Soviet missions both inside
and outside the Earth’s magnetosphere by using emulsions,
plastic track detectors, and electronic spectrometers. Since
the detectors were behind shielding of different thick-
nesses, direct comparisons of these results are not mean-
ingful. In addition, the typical 5 keV/um threshold re-
sponse of PTND means that a large percentage of the dose
contribution from protons in the South Atlantic anomaly
presumably was lost.

LET spectra have been measured inside the U.S. Space
Shuttle on several missions by using a tissue-equivalent
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Table 3 Neutron and proton dose-equivalent rates inside the Space Shuttle for flights with 28.5° inclination (Ref. 86)

Duration, Altitude, Proton equivalent Neutron equivalent
Mission days km dose rate, mSv/day dose rate, mSv/day
STS-4 7.0 297 0.54 0.22
STS-S 5.1 297 0.043 0.023
STS-6 5.0 284 0.048 0.013
STS-31 5.0 617 1.66 0.188
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Fig. 27 Integral LET spectrum from trapped-belt
particles measured on Shuttle flight STS-40 using a
tissue-equivalent proportional counter. The calcu-
lated spectrum is from the AP-8 model (Ref. 89).

proportional counter.?®’>#-%! These instruments allow the
contributions from trapped-belt ions and GCR to be sepa-
rated, because the proportional counter 1s an active instru-
ment that provides temporal resolution, and because trapped-
belt and GCR are dominant at different portions of the orbit.
An LET spectrum of trapped-belt protons measured on Shuttle
mission STS-40 is shown in Fig. 27, in which an LET spectrum
calculated from the AP-8 model environment is shown for com-
parison. The calculated spectrum is a factor of 3 greater than
the measured spectrum below 5 keV/um. In higher-energy chan-
nels, the measured spectrum is up to a factor of 5 greater. These
differences are attributed to errors in the AP-8 model.

The GCR-LET spectrum measured on the same flight is
shown in Fig. 28; the NRL spectrum was calculated from the
CREME model of Adams,”? and the JSC spectrum was calcu-
lated from Badhwar’s and O’Neill’s model.* For energies less
than 5 keV/um, both calculated spectra are greater than the ob-
served spectrum. Between 5 and 100 keV/um, the observed
spectrum is greater than either of the calculated spectra. These
differences decrease as LET increases, and probably re-
sult from inaccuracies in the model used to describe the

LET, keV/um

Fig. 28 Integral LET spectrum from galactic cosmic
rays measured on Shuttle flight STS-40 using a tissue-
equivalent proportional counter (Ref. 89). The spectrum
labeled NRL was calculated using the model of Adams
(Ref. 92). The spectrum labeled JSC was calculated
from the model of Badhwar and O’Neill (Ref. 37).

transport of GCR through the Earth’s magnetic field to
the low altitudes of the Space Shuttle orbit.

B. Galactic Cosmic Rays

The GCR ions that contribute to most of the dose from
space radiation exposures are iron (Fe), hydrogen (H), oxy-
gen (0), silicon (Si), magnesium (Mg), helium (He), carbon
(C), and neon (Ne). The important energy range is between
0.02 and 20 GeV/nucleon. For shielding as thick as the mean
free path of a heavy GCR ion (10 g/cm?), these 8 ions con-
tribute about 80% of the dose-equivalent.”** Half of the dose-
equivalent behind a shield of that thickness is contributed by
jons having energies greater than 0.85 GeV/nucleon. Nuclear
fragmentation becomes an important consideration when
shield thicknesses exceed one mean free path.

Badhwar et al.’ calculated dose-equivalent rates from GCR
as a function of shielding thickness for the “worst-case” 1977
solar-minimum spectra (Fig. 29). These results differ signifi-
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Fig. 29 Blood-forming-organ dose-equivalent versus
shielding thickness for galactic cosmic rays. Intensities are
from the model of Badhwar and O’Neill (Ref. 37) and the
quality factor relationships from ICRP-60 (Ref. 77). They
correspond to intensities of the 1977 “worst case” solar
minimum (Ref. 40). The upper bound 90% confidence
level dose-equivalent curve uses the uncertainty in GCR
intensities of Badhwar and O’Neill (Ref. 37).

cantly from earlier estimates® that used the CREME model*
for GCR intensities. The mean dose-equivalent calculated with
the new estimate exceeds 0.5 Sv for an aluminum shield <20 g/
cm? thick. The uncertainty of the CREME model results is about
30%.

Curtis and Letaw” calculated the percentage of cells in a
100 mm? area that would be hit by GCR in free space during a
year. They assumed that cells were at a depth of 5 g/cm? in a 30
g/cm? water phantom placed at the center of a 4 g/cm? spherical
aluminum shell. Their calculations included the contribution
of GCR-ion fragmentation. According to these calculations,
more than 60% of the cells would be hit by one GCR ion of
nuclear charge between 3 and 28, and 15% would be hit twice
by ions in that charge range. Hence, the heavy-ion component
of the space radiation environment clearly is significant in terms
of biological damage and the resulting radiation effects.

C. Solar Particle Events

Figure 30 (Ref. 97) shows the free-space dose-equivalent to
the skin, ocular lens, and bone marrow calculated for the Au-
gust 4, 1972 SPE as a function of aluminum-shielding thick-
ness. As illustrated, at least 6.3 g/cm? of shielding would be
needed to reduce the dose-equivalent to the blood-forming or-
gans to less than 0.5 Sv, and the skin dose-equivalent to less
than 3.5 Sv. By comparison, 20 g/cm? shielding would reduce
the dose-equivalent to the blood-forming organs to 0.05 Sy, to
the skin to 0.16 Sv, and to the ocular lens to 0.15 Sv.

A group of SPE of sizes comparable to that of the August
1972 event took place in October 1989. The August 1972 event
had a higher integrated flux (> 100 MeV), but the October 1989
spectrum was harder. Figure 31 illustrates the hourly mean pro-
ton fluxes that were greater than 30 MeV and 100 MeV during
the October 1989 SPE. The SPE group was actually a superim-
position of three separate events that took place within five days.
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Fig. 30 Dose-equivalent for skin, eye lens, and blood
forming organ versus thickness for the August 1972 solar
particle event. Reproduced with permission from Ref. 97.
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Fig. 31 Hourly mean proton fluxes for the
October 1989 solar particle event group.
Reproduced with permission from Ref. 94.

(The skin dose-equivalent rate never exceeded 0.1 Sv/h behind
a shielding thickness of more than 5 g/cm?.)

Measurements were taken aboard Mir with P-16 and IPD-2
dosimeters during these SPE (Table 4).°® The maximum proton
flux, with high energy E = 39-83 MeV, was recorded on Octo-
ber 20, 1989 at 16:00 UT on satellite GEOS-7. Moreover, this
sharp increase in energy took place during a powerful geomag-
netic disturbance, reducing the efficacy of geomagnetic screen-
ing by 1.5-2 orders of magnitude. For this reason, dose rate
increased sharply to 0.2 Gy/h between 13:48 and 13:50 UT, and
the cosmonauts sought refuge in the most protected area of the
station, taking the IPD-2 dosimeter with them.

VI. Assessing Risks from Exposure to Space Radiation
A. Defining Risk

A risk estimate 1s the probability that a specified health
effect is caused by exposure to ionizing radiation. The con-
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Table 4 SPE doses measured aboard Mir with the IPD-2 and
P-16 dosimeters during September and October 1989

IPD-2 Dosimeter P-16 Dosimeter

Date Dose, cGy DE, cSv Dose, cGy DE, cSv
29 Sept 89 — — 0.48 0.67
19 Oct 89 0.77 1.08 2.63 3.68
22 Oct 89 0.08 0.11 0.30 0.42
24 Oct 89 0.05 0.07 0.14 0.20
Totals 0.90 1.26 3.55 4.97

DE, dose-equivalent

cept of risk from exposure to ionizing radiation, as postu-
lated by the ICRP,® assumes that the probability of stochastic
effects is directly proportional to the dose-equivalent. The
probability of an effect is the product of two conditional prob-
abilities, first that a person will be exposed to a given dose-
equivalent, and second that the dose-equivalent will produce
that particular effect. Thus, the risk consists of both a physi-
cal and a biological component.

B. The Dose-Response Curve

The relationship that describes the induced incidence of
an effect as a function of dose is called the dose-response
curve. Figure 32 illustrates the importance of choosing the
appropriate analytical fit to the curve. Often, only a few data
points at high doses are available with which to estimate the
risk of incidence at low doses. For example, the best data on
the effects of low-LET radiation on humans are those from
the atomic-bomb survivors. However, the dose those people
received was from a one-time, high-level, acute exposure. The
risk of cancer from lower doses can be estimated only by ex-
trapolating from these data, which obviously introduces un-
certainties.

One approach often used is to obtain an upper-limit esti-
mate from a “straight-line fit” (curve B) to data on an effect.
The slope of the linear fit implies that the effect is indepen-
dent of dose, but is related to the risk coefficient, which is
taken to be linear at low doses because the response is as-
sumed to arise from a single event. However, several obser-
vations suggest that the dose-response curve is curvilinear
(curve A) rather than being a straight line. For example, re-
pair mechanisms can affect the curve at low doses, and satu-
ration of cell death can affect it at high doses. When two or
more events are required to produce the response, the risk is
proportional to the square of the dose-equivalent. A single,
high-LET ion can cause a lesion, but two events involving
low-LET radiation generally are thought to be required. The
“low-dose” curve (curve C) of Fig. 32 is the slope of the dose
response based on high-dose data extended to low dose rates.
Curve D, the slope of the dose-response curve, defines the
limiting slope at low dose rates.
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Fig. 32 Dose-response curves are based on various fits to
the observed data. The solid line curve “A” is taken to be
the true curve for high dose rate, high absorbed doses.
Curve “B” is a linear fit to the four data points and the
origin assuming there is no threshold. Slope a1 applies to
the linear portion of curve “A.” Curve “D” is assumed to
be the “limiting slope for low dose rate.” The dashed
curve “C,” with a slope oy,, is assumed to apply to low
dose rates. Reproduced with permission from Ref. 99.

C. Low-LET Radiation Risks

The severity of a biological effect from low-LET radiation,
and perhaps high-LET radiation as well, depends on the rate of
exposure. Risk models are based primarily on acute, high-dose
exposure data that are extrapolated to continuous, low-dose rate
exposures. As a consequence, the National Council on Radia-
tion Protection and Measurements introduced a dose-rate ef-
fectiveness factor (DREF).” A DREF of 2 is recommended by
UNSCEAR,® ICRP,”” and NAS/NRC.# This factor should be
applied for total absorbed doses less than 0.2 Gy regardless of
dose rate, and for cumulative doses greater than 0.2 Gy when
the dose rate is < 0.1 Gy/h. In almost all circumstances, the
dose rates in space will be less than 0.1 Gy/h, and thus can be
considered low-dose-rate exposures.

Applying the DREF of 2 to the most recent data from
atomic-bomb survivors yields a nominal risk of fatal cancer
in a working population (18 to 65 years of age) of 4% per Sv.
This estimate assumes a linear extrapolation to low doses.
(For comparison, the normal death rate from cancer of all
causes in the general population is 19.3%.)

D. High-LET Radiation Risks

The carcinogenic and mutagenic effects produced by space
radiation in humans are virtually unknown; thus, risk esti-
mates for space travelers are based on data from human ex-
posures to gamma and neutron radiation, and a few experi-
ments with animals and cells exposed to heavy-ion beams
from particle accelerators. Much research is needed in order
to reduce the uncertainties in estimating the risk to humans
exposed to heavy-ion space radiation.
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Grahn’s concept'® of microlesions arose from the assump-
tion that a single heavy ion will produce a “track” in tissue
with a central zone of dead cells surrounded by mutated cells.
The observation that a single ion traversing several cells dam-
ages the central core by the primary particle, and the penum-
bra by &-rays, seems to support this concept; however, it has
not been supported by experimental evidence.'

Quantitative data on the carcinogenic effects of heavy
ions are available from animal and cellular studies. The
mouse Harderian gland has been used extensively to as-
sess carcinogenesis from heavy ions. Radiogenic
Harderian-gland tumors are not lethal, and have no coun-
terpart in humans. Nonetheless, this model system offers
the advantages of having a low incidence of spontaneous
tumors, and thus allows low-dose studies to be conducted
with relatively small numbers of animals. This model,
involving tumors of epithelial-cell origin, also allows tu-
mor formation to be assessed with or without hormonal
promotion. Argon and iron beams have RBE values of
about 30 for inducing Harderian-gland tumors; heavy ions
of lower LET have lower RBE values.'® Curtis et al.'®
proposed a fluence-based risk coefficient that becomes
constant at LET values greater than 200 keV/um. Two
other animal systems, rat mammary gland'® and rat skin,'*
also have been used to study heavy-ion carcinogenesis.
Neon ions were found to have RBE in the 2 to 4 range!’
for inducing mammary-gland cancer in the rat; the RBE
for electron beams and argon ions in skin-tumor induc-
tion varied with dose, ranging from about 2 for low doses
to 10 at high doses.'%

These results indicate that RBE differs in different species
and tissues, and much more information is needed to assess
the risk of inducing lethal tumors (e.g., lung, mammary, and
colon cancer) by heavy ions. Since many physiological and
environmental factors, in addition to genetic damage, can in-
fluence cancer formation in animals, the carcinogenic effects
of space radiation must be studied at the cellular and molecu-
lar levels if the mechanisms of carcinogenesis are to be un-
derstood in vivo. Experiments with cultured mammalian cells
have generated both RBE values for heavy ions and informa-
tion on the cellular and molecular mechanisms of radiation
carcinogenesis. Similar results have been obtained on the
relationship between RBE and LET in several cell systems.

The cell system most often used to study neoplastic trans-
formation is the mouse embryonic-fibroblast line C3H10T1/2.
Although these cells are nontumorigenic, a small percentage of
exposed cells cultured for several weeks will lose their normal
density-inhibition properties and become tumorigenic when in-
Jected into a syngeneic mouse. The tumors that form from these
transformed cells can be lethal to the animal. Studies with this
cell system have shown that RBE increases with LET up to
100-200 keV/um and decreases at higher LET.!% Similar re-
sults have been obtained with golden hamster embryo cells.'”
Hei and Hall'®® also showed that, for a given dose, the transfor-
mation frequency of C3H10T1/2 cells irradiated with protons,
deuterons, and *He ions increases with increasing LET. Earlier

studies with cultured Syrian hamster cells suggest that high-
LET argon ions were as effective as 430 keV neutrons in caus-
ing neoplastic transformations.'®

Despite the importance of knowing the carcinogenic
effects of the Jow dose rates of high-LET radiation present
1n space, only limited information exists on the low-dose-
rate effects of heavy ions. One study that suggested that
low dose rates of high-LET heavy ions could enhance cell
transformation'" also found the magnitude of enhance-
ment to depend on LET and to be less than 50%. Other
investigators have reported enhancement factors greater
than 2 for fractionated doses and low-dose-rate neu-
trons.!"""'2 Thus, the effect of low dose rates seems to
depend on the quality of the radiation.!"® The issue of
whether low dose rates enhance transformation has be-
come more complicated since Crompton et al.!" noted an
inverse dose-rate effect for somatic mutation in Chinese
hamster cells irradiated by gamma rays.

Several investigators have tried to transform human cells
in vitro to aid assessments of health risks from high-LET
heavy ions. Human fibroblasts can be transformed by a single
dose of x-rays''® as well as by fractionated doses of gamma
rays.'"* lonizing radiation also can cause neoplastic trans-
formation of human hybrid cells (Hela-x-skin fibroblasts).!"’
X-rays and heavy ions can induce transformation in human
epithelial cells''®''%; interestingly, more than one exposure
was needed to transform cells from normal to tumorigenic,
even for iron particles. This indicates that several “hits” may
be necessary for neoplastic transformation by ionizing ra-
diation. This observation has significant implications for
radiation risk assessments and warrants further study.

Overall, the data available on the carcinogenic effects of
space radiation are far too few to allow health risks to be
assessed. The greatest gaps lie in the low-dose-rate effects of
low- and high-LET radiation, the response of human epithe-
lial cells, tumor induction by heavy ions in important tissues
(such as lung, breast, and colon), and the mechanisms of car-
cinogenesis by heavy particles.

E. Managing Radiation Risks

The risks to humans from space radiation can be managed
in several ways. The goal of risk management is to prevent
deterministic effects and to reduce the probability of stochas-
tic effects to their minimum level. This latter philosophy,
known as ALARA (as low as reasonably achievable), allows
further risk reductions to be weighed against gains. At one
time, dose limits were considered to be the upper limits of
safe levels of exposure. This assumed that a threshold ex-
isted beyond which further exposure became unacceptable.
The philosophy of ALARA, as discussed in ICRP,” consid-
ers a dose limit to be a lower level above which further expo-
sure is totally unacceptable. In other words, it is not suffi-
cient to reduce the exposure to values below the dose limit;
rather, the goal is to limit the risk by making all exposures as-
low-as-reasonably-achievable.
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Fig. 33 Probable rates of survival after irradiation
with a minimal absolute lethal dose as a function of
body-shielding locations. From Refs. 120 and 121.

Radiation risks can be minimized in several ways. From
an operational perspective, the length of an exposure in a ra-
diation field can be managed, i.e., locations with lower dose
rates are preferable over those with higher dose rates. Radia-
tion risks can be mitigated during the design phase by adding
additional shielding to attenuate radiation penetration from
the exterior. Construction materials also can be selected in
terms of their ability to minimize the production of second-
ary radiation, which in general means using materials with a
lower mean nuclear charge. Specially designed body shield-
ing (e.g., Fig. 33) can be used to protect specific organs, or a
torso shield could be used to reduce whole-body exposures.

Other possible means of mitigating space radiation risks
in the future involve radiation protectants, preirradiation con-
ditioning, or postirradiation therapy, any or all of which may
enhance tissue repair. If some people can be shown to be less
prone to radiation damage than others or can repair damage
more effectively, crews could be selected with these charac-
teristics in mind.

Present research in chemical protection against radiation
injuries includes developing new compounds of aminothiols,
identifying immunomodulators, and using antioxidants. One
well-known aminothiol compound, WR-2721, is effective
against low-LET radiation but not high-LET neutrons. Some
lipopolysaccharide endotoxins are potent immunostimulants,
and can enhance a variety of immunopoietic and hemopoi-
etic responses. Endogenous free-radical scavengers such as
vitamins E, C, and A and glutathione are antioxidants. The
effectiveness of these compounds against ionizing radiation
depends on the concentrations used, the LET of the radiation,
and the biological end point. In general, DNA damage by
high-LET radiation is induced through direct action and is
difficult to predict or protect against. Moreover, the conse-
quences of using high concentrations of these compounds in-
clude nausea, vomiting, diarrhea, fever, hypotension, and
hypocalcemia; these consequences must be circumvented be-
fore such compounds can be considered useful as radioprotec-
tants. Some combinations of radioprotective agents have been
found to reduce toxicity and produce synergistic protective
effects in cosmonauts; further studies on the combined ef-

fects of several radioprotectants may prove fruitful. Several
studies of radioprotectants as countermeasures to radiation
exposure have been reported in the Russian literature. 2124

Although high concentrations of radioprotectants are nec-
essary to inhibit lethal effects during irradiation, continuous
treatment with relatively low concentrations of dimethyl sul-
foxide (DMSO), e.g., 15.6%, has been found to reduce the
effectiveness of x-rays by a factor of 3 for both cell inactiva-
tion and transformation. Cells treated continuously with 1%
DMSO for 4 weeks after irradiation had the same transfor-
mation frequency as that of control cultures.'® This type of
postirradiation treatment also was effective for cells exposed
to high-LET heavy ions. Similar results have been found with
vitamins A and C. Compounds such as these may be useful
against the carcinogenic effects of nonlethal doses of space
radiation. Significant radioprotection probably can be
achieved through a combination of nutrition, vitamin supple-
mentation, and immunomodulation.

F. Uncertainties in Risk Assessments

The dose-equivalent to which an individual is exposed de-
pends on three physical factors: the total flux of all types of
radiation at a dose point in the human body; the LET distri-
bution; and the quality factor for those radiation types. Thus,
uncertainties arise from three sources as well: those related
to the free-space radiation environment; those related to in-
teractions of primary space radiation with space system ma-
terial; and those related to the biological effects produced in
humans.

Uncertainty in the free-space environment can arise from
temporal variations if the specific duration of the exposure is
unknown. For example, GCR fluxes in the 0.1 to 1 GeV/
nucleon range can vary by an order of magnitude from solar
maximum to solar minimum. The root-mean-square (rms)
uncertainty in the GCR flux established by the model of
Badhwar and O’Neill*’ is about 10%. Uncertainties intro-
duced by transport calculations and secondary radiation pro-
duction, although difficult to determine, are now being evalu-
ated. The largest uncertainty, that of biological effects, is in-
troduced by means of the quality factor, which is a defined
quantity. Ifthe quality factor is still a useful concept for heavy-
1on effects, the uncertainty could be as much as 100%. Quan-
titative estimates of uncertainty are impossible because cer-
tain critically important measurements have yet to be made.
We maintain that the first priority in reducing uncertainty in
the risk estimate should be given to biology.

G. Ascertaining Acceptable Risks: Setting Dose Limits

The goal of one philosophy used to set exposure limits for
ionizing radiation'? is to limit the probability of radiation dis-
ease in exposed persons and their progeny to levels that jus-
tify the benefits of the activities that involve the exposure.
Both stochastic and nonstochastic effects are considered in
this approach. The objective is to prevent the occurrence of
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nonstochastic effects by adhering to dose-equivalent limits
that are less than the apparent threshold of the effect, and to
limit the risk of stochastic effects to levels of comparable
nonra-diation risks with comparable benefits to society.

Protection from space radiation assumes that risk is lin-
early proportional to the dose. Any activity involving radia-
tion exposure will require justification, and exposures will
be managed to levels that are as low as can be reasonably
achieved. In other words, the effective dose-equivalent limit
is the upper limit of acceptability rather than being a design
criterion. The overall goal of the protection effort is to pro-
vide a level of protection for people who work with radiation
that is comparable to that for workers in other “safe” indus-
tries. However, few industries introduce a risk of delayed
stochastic effects such as cancer induction. Attempts have
been made to relate radiation exposure risks to those of
carcinogenic chemicals; however, the available data are too
few for meaningful comparison. Consequently, the NCRP
tends to relate radiation risks for terrestrial workers to that of
accidental deaths in “safe” occupations, i.e., < 10 /y. Less
safe occupations are those with risks of accidental death
greater than 10~/y, and substantially more hazardous occu-
pations are defined as those that carry a risk of accidental
death of more than 10%/y.

The National Counci} on Radiation Protection and Mea-
surement'® provides four considerations for limiting the late
effects of radiation exposure: the risk of fatal cancer; the nsk
of serious genetic defects; the risk of cataracts; and fertility-
related effects on gonads. Because nonradiation risks can
never be eliminated entirely from space travel, radiation is
considered an occupational risk. Nevertheless, astronauts and
cosmonauts should not be subjected to an excess risk of late
effects such as cancer when they have completed their flight
careers.

Exposure limits are obtained for space crews by dividing
the acceptable level of risk by the risk per Sv. For low-Earth-
orbit flights, the NCRP adopted the middle group of “less-
safe” occupations as an acceptable level of risk. Such occu-
pations have lifetime risks of accidental death of about 3%.
For this case, the dose limit for the risk of fatal cancer (0.04/
Sv)# would be:

[acceptable risk/riskeSv~'] = [0.03/0.04+Sv™'] = 0.75 Sv

Clearly, exposure limits depend on both a measured risk
per dose-equivalent and administrative judgment that estab-
lishes an acceptable level of risk. The NCRP has yet to rec-
ommend an acceptable risk for exploration-class missions.

VII. Further Research Needed

Several areas clearly require considerably more research
before meaningful risk assessments of space radiation can be
made. Regarding trapped-belt models, a new dynamic model
of the proton belts is needed that could incorporate spatial-
and temporal-variation parameters, spectral changes, and de-

scriptions and applications related to pitch angle. Several
means of accounting for changes in the trapped-belt radia-
tion environment have been proposed, the most accurate of
which would be to update particle fluxes every 5 to 10 years
with satellite measurements made in an equatorial or high-
inclination orbit. Information on the pitch-angle distribution
of the particies will be crucial; these data must be incorpo-
rated into the modified models to allow estimates of the di-
rectional doses obtained inside spacecraft with widely vary-
ing mass shielding solid-angle distributions. Proton particle
energies studied should include the energy range 20-500 MeV.

Transport codes also are in need of additional develop-
ment, particularly with regard to nuclear fragmentation cross-
sections. Theoretical developments should be based on em-
pirical data from ground-based studies involving particle ac-
celerators. Additional research in radiation monitoring also
is needed; decisions must be made as to the operational re-
quirements for monitoring instruments and the programs nec-
essary to develop the hardware.

The area of greatest uncertainty for developing risk as-
sessments remains that of radiobiology and the human re-
sponses to high-energy protons and heavy ions. Data on can-
cer induction in humans by heavy ions are virtually nonexist-
ent, and research is needed to determine the validity of ex-
trapolating such data from animal subjects to humans. Ra-
diobiological research also should be extended to examine
other debilitating effects (e.g., brainstem damage) so that all
of the risks associated with exposure to space radiation can
be understood. Finally, results from these research efforts
must be converted to operational procedures that can be used
to minimize exposures when possible, and to counter the del-
eterious effects of space radiation when such exposures are
unavoidable.
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